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Tectonic strain release
Underground nuclear explosionsExplosion seismnology
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Anomalous surface waves including Love waves and phase reversed Rayleigh
waves have been observed from explosions at fITS and from the eastern Kazakh
areas of the Soviet Union. In this report we use a linear model for tectonic
strain release to estimate the an'otnt and type of prestress required to pro-
duce these anomalies. An important use of these results is to guide the input
to fully nonlinear simuJlations of an explosion detonated in a prestressed
enviroment.
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PBSTRACT: (Continued)

Tectonic strain release adds energy to the explosion component of the
seismic radiation because elastic energy storea in the medium Is released
when a zone of wvakened material strength is created by the explosion.
In the model, this zone is treated as if it were a spherical cavity with
the dimensions of the explosion-produced failure zone. This effective
cavity radius requires independent constraints which can be provided by
nonlinear simulations.

General conclusions are as follo's:

In the presence of stress concentrations, tectonic release en-
hances high frequency radiation in preferred directions.

Compressive stress concentrations reduce body wave amplitudes
while tensile stress concentrations amplify body waves.

Long period tectonic surface waves depend only on the average
prestress field and are unaffected by stress heterogeneity.

The tectonic surface waves reduce to a monopole plus a quadru-

pole field superimposed on the explosion monopole.

Specific conclusions are as follows:

Rayleigh wave reversals or factor of two enhancements (depend-
ing on the horizontal prestress being compressive or tensile
relative to the hydrostatic prestress) can be obtained with
homogeneous or average shear stresses of about 50 bars
assuming that the effective cavity radius is equal to the
explosion elastic radius.

A maximum local shear stress of about a kilobar is required
before the tectonic component of body waves becomes comparable
in size to the cxplosion body waves. The average prestress
may be much lower, however.

The anomalous body wave, Love wave and Rayleigh wave radiation
from PILEDRIVER can be simultaneously explained by a compressive
stress concentration of about a kilobar to the northeast of
the explosion.
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I. INTRODUCTION

Rygg (1979) reports the observation of two phase reversed
Rayleigh waves from underground nuclear explosions in the eastern

Kazakh area of the Soviet Union. Patton (1980) reports that several

additional explosions from the same area also appear to have
Rayleigh wave reversals. Figure 1.1 shows two Rayleigh waves from

eastern Kazakn (Shagan River) explosions with clearly reversed
polarities recorded at Kabul, Afghanistan. Goforth, Rafipour and

$ lHerrin (1982), using a phase-matched filter analysis, fird phase

reversals and time delays of about three seconds for several Shagan

River explosions. Such observations have been reported in other

areas as well. Perhaps the best documented case of a Rayleigh wave
*I reversal is from the NTS exolosion PILEDRIVER (Toks8z and Kehrer,

1972). Rayleigh wave reversals are usually accompanied by the

generation of large amplitude Love waves. In the case of
PILEDRIVER, a body wave anomaly also occurred, with a strong

reduction in amplitude to the Northeast (Hadley and Hart, 1979).
Since body wave magnitudes are used to estimate explosion yields, it
is very important to understand what variations in body wave

amplitudes may accompany surface wave anomalies.

C !r. this report we use a model for tectonic release which can
produce Rayleigh wave reversals and large Love waves. The model
assumes that when an underground explosion is detonated, a shatter
zone (region of weakened material) is formed around the cavity. If

the material near the explosion is Initially in a strained state,

then elastic energy :tored in the medium is released in the form of
seismic waves. These tectonic surface and body waves interfere with
the surface and body waves of the explosion, and will cause Rayleigh

wave reversals if the tectonic Rayleigh wave is reversed in polarity
and exceeds the explosion Rayleigh wave in amplitude. If the
horizontal prestress is compressive compared to the hydrostatic

prestress, then the tectonic Rayleigh waves will be reversed in
phase compared to the monopole explosion Rayleigh waves.

Conversely, a horizontal prestress that is tensile compared to the
hydrostatic prestress causes Rayleigh wave amplification.

SY3THML SCIEMCt AND SOPTWARC
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I Figure 1.1 Rayleigh waves from two explosions in the eastern Kazakh
(Shagan River) area of the Soviet Union which exhibit phase
reversals. The t-c events were recorded at station KAAO on
18 August 1979 -Ind 28 October 1979, respectively.
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The explosions whicn snow the greatest amount of tectonic

release are those in granite (Toks~z and Kehrer, 1972). For our

explosion models, we therefore use two spherically symmetric granite

source models - the empirical model of Mueller and Murphy (1971)

and a numerical model for partially saturated granite (Bache,

Barker, Rimer and Cherry, 1980). We add the wavefield generated by

the tectonic release model to these monopole explosion sources in

order to determine tne effect of model oarameters on body waves and

surface waves.

The rondel used here to simulate tectonic release is the sudden

creation of a spnerical cavity in a prestressed medium (Stevens,

1980). Th:s provides a linear approximation to the complex

nonlinear processes which accompany an exolosion in a prestressed

medium. In this report we use the linear model to estimate the

prestress level necessary to cause Rayleigh wave reversals. This

estimate may be used to provide a reference level for fully

nonlinear simulations of an explosion in a prestressed environment.
Nonlinear calculations in turn may be used to provide an estimate of

tne effective "cavity" radius which is a poorly constrained

parameter in the linear model.

Gay, Rimer, Cherry and Stevens (1981) performed a two-dimen-
X sional nonlinear finite difference calculation of an explosion in a

prestressed medium where the prestress consisted of overburden

pressure superimposed on a 75 bar she-r stress. The results of the

calculation snow that the effective cavity radius (determined by

comparing surface wave amplitudes from the nonlinear simulation with

surface wave amplitudes from the linear inodel used in this report)

is about 60 - 80 percent of the elastic radius. Also, the waveforms

of long period surface waves found in the nonlinear simulation are

almost identical to the waveforms generated using the linear model.

In addition to finding the prestress necessary to cause

Rayleign wave reversals, we also estimate the amplitudes of the

associated Love waves and the variations in body wave amplitudes

which accompany tne reversals. We explicitly include the effects of,>
3
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nearby stress concentrations and look at the effects of the stress

inhomogeneity on body and surface waves.

An important prediction of the work is that an inhomogeneous

prestress field should have a much stronger effect on the high

frequencies than a homogeneous stress field would have. The body

waves can therefore be strongly affected by inhomogeneous stress

fields, especially in larger explosions. Also, the variation in

body waves can be highly directional with a strong decrease (or

increase) of body waves in preferred directions. If a stress

concentration is located close to tne explosion, the body waves will

be most strongly affecred in the direction of the stress

concentration.

Uniform prestress fields in general should have a much

stronger influence on explosion surface waves than on the body

waves. Assuming that the region with minimal shear strength extends

to the elastic radius, Rayleigh wave reversal may be obtained with a

tectonic prestress of about 50 bars. In the linear model, assuming

that shatter zone formation is instantaneous, there is no time delay

associated with the reversal. A time delay would exist if the

shatter zone formed over an extended period of time (e.g., Stevens,

1982).

Because of the boundary condition of vanishing normal and

shear tractions at the free surface, the only truly uniform

prestress fields which can exist are linear combinations of "strike

slip" and uniaxial prestress fields. The tectonic radiation from

explosions in these prestress configurations has negligible

influence on steeply descending body waves from the explosion. If

the prestress field is not quite homogeneous, then the prestress

orientation may be different at the explosion depth than at the free

surface. Some other prestress orientations can have stronger

effects on the explosion body waves. The results of the

calculations for all uniform stress fields are sumrarized in Table

3.3 and Figures 3.4 through 3.7.

C
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Nonuniform prestress fields can occur in many different ways.

They always require some sort of dislocation in the medium since a

homogeneous medium without dislocations can only support a uniform

stress field. One way in which an inhomogeneous stress field may

form is by faulting under the influence of a high shear stress

field, perhaps when the material is deep in the earth, and then

removing the external shear stress by, for example, a gradual rise

of the material to the earth's surface. The result is a stress

concentration frozen into the material with a highly inhomogeneous
stress field.

Nonuniform stress fields produce more complex effects. We

analyze the body and surface waves when explosions occur near two

types of stress concentrations - a point static dislocation and a

center of compression both located two elastic radii from the

explosion center. The results are similar for both cases. The

stress field from a stress concentration varies as the inverse cube

of the distance from the stress concentration, causing a strong

variation in prestress across the shatter zone. If the stress

concentration is near the direction of the body wave takeoff angle,

there can be large effects on the explosion body waves. Surface
waves, on the other hand, are affected only by the average stress

field. A stress concentration which causes a prestress of about 100

Dars at the cavity center (800 bars at maximum at the elastic

radius) can generate surface waves and body waves comparable to the

explosion surface and body waves. Note that this high stress field

needs to exist only locally and at depth to cause body wave

anomalies. A summary of the results o. calculations for a number of

coniigurations of stress concentrations near explosions is given in

Table 3.4 and Figure5 3.9 through 3.14.

L While surface wave anomalies have been widely reported,

reports of body wave anomalies are less common. However, since body

waves are observed from only a small part of the focal sphere and

may be strongly affected by travel path effects, body wave anomalies

will generally be difficult to detect. A clear body wave anomaly

SYSrTcm SCICNCK AND sOrrw•m

:j. ~ ____



HI,
was cos-rved from the explusion P!L-DPIVER, however. In oritr to

estimate what kin's of mnomalies xzy bc exnecte,- in Soviet

explosions, ie have c-Antrdcted a modei o; the prestress Pa•Id which

could e:.pain the PILEORIVEP. anomalies.

The 2::pljsic.i PILEDRIVER had three anomarous faitures. !t,

generated iarqe Love waves, the Rhyleigh waves had a pronouni.ed

'adiation pattern with polarity -2versals to the Northeast, an6 the

aod- waves were gieatly 'educed in amplitude at stations to tho

Northeast. We can explain th2se facts simultaneously b) asm7iig a

strong coupressional stress concentratien to the n.rthea.st of the

e.,,losion. A number of different t~pes of stres; fielas could

explain these observations, but it must be concentreted to the

Ncrtheast with . mtxtmum stres3 of about a Kilobar. Rayleigh wt.ve

reversals are catised by in inward motion (:arallel to the iur;ace)

in this dire:uioa. Small body vave amplitudes occur neer a node In

the body wave rad,.t~on pattern. There are other possible

explarat!cns fo., the PILEDRIVER cody wave anCmalea. Hadley and

Hart(1979) for ex.an'e, suggested :nat the deep strtctu;ve of the

climax stock was rescinsible. The very large surface nave aocmalles

observed from this e.plos;on, however. suggest the presaence of a

large tectonic stress field which coule affect the body waves as

well. Furthermore, recent stres-3 measurements in the climex ermit.l

(heuze, et al., W8O) f)und the nonhydrost.tic streSses to be larle

and iiighly variable.

Tectonic strain release is one cf the few :ecnanisms which ,i

explain Rayleigh wave reiersals. Masse (1961) rev.ews a nurber of

h.%lpothesei whlcn have )een made fe- this e..'d otaer surface wave

anomalies. A common explination nas zean tnat the reversals are

caused by spall slapdown following the ttplosion. However, Day,

Rimee and Cherry (1981), show that if momentum is to be conserved,

then spall cannot cause Rayleigh wave reversals and th&t spall has

only minimal effects on surface wave amiplitudes at 4reriods longer'
than ten seconds. Similar problems arise with other passive

IV mechanisms for producing Rayleigh wave rtversals.

6
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These results have importa 4 consequences for yield estimation
ano earthquake-explosion discrimination. It is possible for
Rayleigh wave reversals to occur without affecting body wave

amplitudes; however, the presence of surface wave anomalies
increases the possibiility of ooly wave anomalies. This introduces
a oias into yield estimates which nay be difficult to re.ve. Body

#aves may be amplified or reduced, or both, (at different receiving

stations) by tectonic release although this effect is reduced to
some extent by the fact that the explosion body wave and tectonic
body wave are not exactly in phase, and so will not cancel
completely at high frequencies. Clearly it is important to have as
broad a coverage of the focal sphere as possible. In the case of
PILEDRIVER, strong reductions in body wave amplitudes c.curred over
a limited range of azimuths, but our models show only a small effect
on body wave amplitudes in other directions. This highly
directional behavior is characteristic of stress concentrations.

A practical method for removing the effects of tectonic

release would be to apply modern invetse theory techniques to the
body and surface waves simultaneously. ,.;r expansion in multi.olar

coefficients lends itself well to this type ef analysis. In effect,
this procedure would be an automated versior. oi the trial and error
method used here for PILEDRIVER whicz, would consider all possible
stress fields simultane u-ly. It should also be superior to

commonly used moment t inversion schemes since we have an
estimate of the frequency dependei:.e of the composite source and are
not restricted to a monopole plus double couple source.

The effect of tectonic release on discrimination is not as
severe in most cases as the effect on yield estimates, especiaily if
coverage is good. Although tectonic release adds an
"earthquake-liKe" radiation pattern and reduces mb (and Ms) in
certain directions, the general effect is to add energy to the

explosion body and surface waves. Since the expiosion and tectonic
body waves are more nearly in phase at longer periods, destructive
interference will reduce the long period amplitude relative to the

7
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short period a-mplitude. Furthermore, inhomogeneous prestress fields

preferentially add high frequency energy whicn tends to increase the

corner frequency. Since discriminaticn methods based on spectral

analysis such as the Variable Frequency Magnitude method (e.g.,

Savino, Archambeau and Masso, 1980) compare a low frequency

$ amplitude with a high frequency amplitude, both of these effects

improve discrimination. Nevertheless, tectonic release can cause

discrimination problems in some cases. Tensile stress fields, for

example, may increase Ms significantly while leaving mb

unchanged, thus causing a more 'earthquake-like" event.

It should be emphasized that in this report we have considered

only tectonic release as the cause of anomalous radiation from

explosions. We have done this in order to determine the nature and

size of prestress fields necessary to cause the observed anomalies,

not to rule out all other explanations. It is possible, for

example, that the Rayleigh wave reversals from PILEDRIVER were due

to tectonic release in a uniform stress field while the body wave

anomaly was caused by a structural feature. go' wa-e anomalies, in

general, do require much higher stresses than Sh'ar' wave anomalies

and uniform stress fields will rot strongly af-ect body waves,

Nevertheless, we find nothing inconsistent with ýhe hypothesis that

stress concentrations may exist and cause variat.)ns in body wave

amplitudes such as those observed from PILEDRIVER. This must

therefore be considered as a possible source c' bias in yield

estimates.
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I1. A MODEL FOR SEISMIC RADIATION FROM AN EXPLOSION
IN A PRESTRESSED MEDIUM

Almost a;l nuclear explosions generate some "anomalous"

radiation in the form of Love waves and nonisotropic Rayleigh waves

(e.g. Tokshz and Kehrer, 1972). In some cases, however, the

anomalous effects can be very large and actually dominate the

"obsei . J.ins. There are number o' possible explanations for this

including release of tectonic prestress, anisotrupy of the medium,

nonsphericity :,f the source, near source scittering, sliopage on

joints and faults, and induced eartnquakes. An excelient review of

the suoject can oe found in a recent paper by t4sse (1981). All of

tnese niecnianisms will cause the generation of some shear waves and
rause non.sotropic radiation patterns. It ;s difficult, however, to

explain the large anomalies of FILEDRI'yER and other ex;sooions in

which ýhC Rayleigh waves actually reverse polarltj. Since th3

"anomalous' source ,ust actually exceed the dircct source at lorg

periods, it seems unlikely to result from d passive effect such as

scattering or slippale on joints and faults. Tectonic release can.

exolain Rayleigh wave reversals since it adds energy to the

expigsion fron energy stored in the e..-th.

Hadley and Hart (1979) oolnted out that the body waves from

PILEDRIVER were anomalous as well as the surface waves. In

particular, the armpiitudes were greatly reduced at observation

points to tne Northeast. Tectonic release fýccm stress

concentrations can c~use this kind of variation in the body waves.

We use the following model for cofputing bndy and surface

waves from an explosion in a prestressed medium. For the exploslun,

we consider two models. The first is the empirical model -f 4eller

and Murphy (1971) in which the explosion is described ty 1 pressure

pulse of the form:

P (t) - (Poet o M(t)

applied at the elastic radius (the point beyeid which motion If

elastic). Toe constants Po. ct P. are determined eamirically

I - - "ssm SC$,NCE AAD SOV-WA



and are functions of yield, material properties and s6urce depth.

For PILEDRIVCk with a yield of 60 kilotons and a depth of 470 meters

in granite, these constants are P0 . 130 bars, Pcc " 50 bars,

a - 15 sec'
1

. The elastic radius is 725 meters. In the second

source model, a finite difference calculation is performed for the
explosion to determine the reduced velocity potential which is then

used to synthesize body and surface waves (Model No. 469 from Bache,

Barker, Rimer, and Cherry, 1980). The elastic radius for the

PILEDRIVER finite difference calculation is 870 meters.

The seismic radiation from tectonic release is oodeled using

tne solution of Stevens (1980) for the sudden creation of a

spherical cavity in a prestressed medium. This solution is reviewed

in Appendix 1. By "cavity' we mean a region in which all material

strength is lost. The density may remain constant. A problem with

this model is how to determine the effective cavity radius.

Tectonic stress will be released thoughout a region in which a

substantial amount of cracking occurs. This region will be

considerably larger than the explosion cavity. On the other hand,
it must be s-aller than the elastic radius. For the purposes of

this study, we take the effective "cavity radius' to be equal to the

elastic radius. The numbers we find will therefore be the lower
limit of the actual prestress field. A smaller cavity radius will

require a larger prestress field for the same effect. The scaling

relations are derived in Appendix 4. It is approximately true that
the generation of seismic waves varies as the product of the stress

field and the cube of the radius. A factor of two decrease in

radius requires a factor of eight increase in stress field to

produce seismic waves of the same amplitude. This is not

necessarily true for body waves, however, because of the complexity

of tne spectrum at short periods.

We can solve for the seismic radiation from a prestressed

snatter zone for any prestress field (in a uniform whole space) by
performing an expansion of the field in vector spherical harmonics.
In Aopendix 2 we derive the expansions for all uniform stress fields

10
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and for two types of stress concentrations - a point center of

compression and a point (static) dislocation.

We can make synthetic body waves and surface waves from these

complex sources by reducing the vector solutions to scalar

potentials. 'his conversion is given in Appendix 3. The potential

solutions can be expanded in cylindrical potentials and incorporated

ini layered space codes using the method of Bache and Harkrider

(1976) for body waves, and the method of Harkrider and Archambeau

(1982) and Harkrider (1964) for surface waves.

Bache (1976) dio a study of the effects of tectonic release on

P-waves using the theory of Archambeau (1972) for the tectonic

source. He concluded that tectonic release has a negligible effect

on the body waves. Arcnambeau's theory was valid only for uniform

stress fields, however. Using this model, Bache concluded that

tectonic release could not have a significant effect on body waves

without generating much larger surface waves than are observed and

without assuming much higher stresses than seemed reasonable. The

situation changes, however, when inhomogeneous stress fields and

stress concentrations are considered. The following analysis will

snow tnat concentrated prestress fields can affect body waves more

than surface waves. It is still true that stresses must be large,

but they need only be large locally.

As snown in Appendix 1, the displacement field for the

tectonic source can always be written in the form:

u(x, E Q aZr(u) M.(iQ,X) + SIM(.) (ux

The coefficents aZ., alm, -tm depend on the cavity size and

type of prestress. The eignenvectors M.,. -Hz,. 6,m represent

toroidal, spheroidal shear, and spheroidal compressional waves

respectively. In the far field these vectors become:
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i $1¢~SS•'tM&I SC:E[NCL AND SOPYW•ARE[



HM (Wx) X- illz e")r C ( )

N t ( " ' x ) - I e - iK ar

where the vectors 2zm, k-m - are defined in Appendix I and
depend only on the observation coordinates o, 0.

,he far field displacement spectrum therefore consists of sums

of terms of the form a {()/w, sZ,(.)/w, y-(m(.w)w multiplied
by angular and propagation factors. At high frequencies the spectra
all fall off as w-2. At lov. frequencies, the function a£m(v)/w
falls off as oz-1. Thne functions s2m(.)I/., y, M.I)/W are
combinations of two functions which fall off as . and w " at low
frequencies. Thus for z> 2 all coefficients vanish in the lim~t
W * 0. At sufficiently low frequencies, any source must therefore
look like a monopole plus a quadrupole. No matter how complex the
source, the long period surface waves must look very nearly like an
explosion plus a double couple.

For uniform stress fields, only tZ2 and Z.o terms txist. For

nonuniform stress fields, however, the higher order terms exist.
These terms vanish at low frequencies and peak at higher frequency
with increasing Z.. The frequency of the peak is given approximately
by Fmax . LV/ItR for SH waves and by (L+I)V/2xR and ({-I)V!2vR for
the twc P-SV waves mentioned before where V is the appropriate wave
velocity. Inhomogeneous stress fields can therefore cause much
larger variations in the body waves than in the surface waves,
especially for large explosiots. Higher order terms will be
important when V/ZiR S f, where fo is the dominant
frequency of the recording instrument. For PILEORIVER, this ratio
is about 1 HZ. In addition to adding high frequency energy, the

12
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higher order multipoles have a more complicated variation with angle

I so inhraogeneous stress fields can give highly directional

variations in body waves.

In Appendix 2 we derive the multipole coefficients for two

types of stress concentrations. In the following section we will
compute synthetic seismograms and body and surface wave radiation

patterns using these sources. As a general rule, if one part of the

'cavity' is more highly prestressed than another, larger amplitude

tectonic body waves will be generated in the direction of the higher

6 prestress. Depending on the sign of the prestress, the explosion

body waves will be either amplified or reduced in this direction.

Surface waves, on the other hand, will be sensitive only to the

average stress field on the surface.

11
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Ill. THE EFFECTS OF HOMOGENEOUS AND INHOMOGENEOUS PRESTRESS
FIELDS ON SURFACE AND BODY WAVES

In this section we make a quantitative comparison of the

effects of different types of prestress fields on body and surface

waves. We have synthesized seismograms from a number of different

prestress fields and made amplitude comparisons and radiation

patterns for each.

Our purpose in this section is to make estimates of the effect

of tectonic release and the magnitude of the prestress necessary to

cause significant changes to the explosion seismic waves. We have

used earth models appropriate for PILEDRIVER in all our calcula-

tions. The results, however, are not very sensitive to the

structure and should be applicable to most regions of the earth.

The structures useo are given in Tables 3.1 and 3.2. For the body

waves, the source region is a PILEDRIVER climax stock model (after

Bache et. al., 1975). The receiver structure is a standard Eastern

United States receiver structure. For surface waves, we used the

PILEDRIVER structure over the Eastern United States model S1 of

Bache, Swanger and Shkoller (1980). The body wave calculation used

t* - 0.8. The body wave synthetics were made using a WWSSN short
period instrument response. The upgolng body waves were reduced by

S • half to account approximately for near surface attenuation at one

hertz. The surface wave synthetics were made through an LRSM long

period instrument. All synthetics were made using a cavity radius
4 equal to the Mueller-.Murphy elastic radius of 725 meters. This is

* somewhat smaller than the finite difference elastic radius of 870

meters. The receiver point was taken to be at a distance of 4000

kilometers. This requires a takeoff angle of 28 degrees for the

body waves. The Rayleigh and Love wave synthetics include only the

fundamental mode.

Synthetic seismograms for the explosion source are shown in

Figure 3.1. In this and the following figures, the body waves are

normalized to the amplitude of the Mueller-.Murpny explosion body

wave. Surface (Rayleigh and Love) waves are normalized to the

14
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TABLE 3.1

CRUSTAL MODELS FOR BODY WAVE CALCULATIONS

I

Depth (Kn) Thickness

_(Km) (Km/sec) (Km /sec) (gm/cm
3)

SOURCE REGION

.05 .05 1.50 1.00 1.50

.10 .05 4.50 2.65 2.55

2.00 1.90 5.33 3.15 2.67

4.00 2.00 5.90 3.25 2.70
Co Co 6.00 3.30 2.80

RECEIVER REGION

.6 .6 3.70 2.16 2.10

2.6 2.0 4.55 2.54 2.20

4.0 1.4 5.60 3.14 2.65

5.0 1.0 6.00 3.30 2.80

0

C
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] TABLE 3.2

CRUSTAL MODEL FOR SURFACE WAVE CALCULATIONS

Depth Thickness a 6 o

.05 .05 1.5 1.0 1.5 10

.10 .05 4.5 2.65 2.55 20

2.00 1.90 5.33 3.15 2.67 200

4.00 2.00 5.90 3.25 2.70 300

6.20 2.20 6.10 3.30 2.85 400

13.20 7.00 6.30 3.40 2.94 1200

19.00 5.80 6.40 3.45 3.00 1500

35.00 16.00 6.60 3.60 3.09 2000

8.10 4.50 3.35 2000

I

L
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1.0 Mueller-Murphy Body Wave

-1.0 ,

Time (sec)

Finite Difference Body Wave

2.3

Ail

-2.3 212222 'S *.1l4l21l' 2'

Time (sec)

Mueller-Murphy Rayleigh Wave

1.0

1 ,..2j- 6 A

Time (sec)

Explosion Synthetic Seismograms

Figure 3.1. Synthetic seismograms for explosion sources without tectonic
release. Top is Mueller-Murphy empirical body wave source
synthetic. Middle is body wave from Finite Difference Cal-
culation of reduced velocity potential. Bottom is synthetic
Rayleigh wave from the Mueller-Murphy source.
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14Leller-%urphy Rayleigh wave. For comparison, the finite difference
* body waves are shown. They are similar in shape with a slightly

larger overshoot at the end because of the higher frequency content

in the finite difference source. The body wave amplitude is greater

by a factor of 2.3. The surface waves are identical in shape, but

lower in amplitude by a factor of 0.8.

3.1 HOMOGENEOUS STRESS FIELDS

We first want to show the effects of tectonic release from

explosions in spatially uniform stress fields with different

orientations. Figure 3.2 shows the body and surface wave synthetic

seismograms for a uniform o12 stress field of one bar in which a

spherical cavity is suddenly formed. The radiation pattern from

this source is equivalent to a strike slip double couple (with a

strike of -go0). The body waves are very similar to the booy waves

from the explosion. The main difference is a slight broadening of

the waveform (and a change in sign at this azimuth). The surface

waves in these and all of the following examples except for the
013 stress field are identical except for changes in sign. The

sources are small enough that the surface waves seen through a long

period instrument are insensitive to source properties otner than

the seismic moment.

Figures 3.4 to 3.7 sncw une body and surface wave radiation

patterns for a numier of different uniform stress fields. The

coordinates used are shown in Figure 3.3. The results are

summarized in Table 3.3. The numbers shown are the amplitudes

relative to the Aieller-Murphy PILEORIVER source for a unit

prestress. The shaded regions are the regions where the sign of the

wave is reversed relative to the explosion. For surface waves, this

is a well-defined region. For body waves, it is less well-defined

since the waveforms can vary in shape as well as in sign, especially

near nodes.

The 012 (Figure 3.4) stress field causes a four lobed

pattern of body and surface waves. This stress field is much more

efficient at generating surface waves than body waves. (Body waves

S 18
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2.3 x 10" 3  Body Wave

-2 3 x 10-3 . . . . ..

Time (sec)

Rayleigh Wave

2.4 x 10-2

0

-2.4 x 10"2 a z6 4. Aa t" ,4, ,Af, t

Time (sec)

Loie Wave

5.9 x 
10 "2 I

-5. X 102 2 . AN 'A.

Time (sec,
('- a12 (Strike Slip) Synthetic Seismograms

Figure 3.2. Synthetic seismograms from tectonic release in a a st'essfield. The three seismograms are the P-wave, RayeiAghwave
C anJ Love wave respectively. The shape of the Rayleigh andLove waves is nearly independent of the source and is verysimilar for all of the following examples.
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SX

C

C2

Figure 3.3. Cacrdinate systems used for caiculations of synthetic
si•..,sograms and -adlation patterns. The X3 axis is
out of the pa:per. The Xl axis is taken to be 0 - 0anl North.
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TABLE 3.3

BODY AND SURFACE WAVE AP4PLITUDES FOR

EXPLOSIONS AND HOMOGENEOUS STRESS ;IELOS

Source Type P (28" takeoff) RayleiSh Love

EXPLOSION

Mueller-%wrpny (R-725m) 1.0 1.0 0.0

Finite Difference (R=870m) 2.3 .80 0.0

I.I
UNIFORM STRESS FIELDS (oars) R-72So

l1 1 1

12 " 1 (strike slip) !T2- F7
1 1 1

a33 - '7I 150 - 33I

(45 Thrust)

Oil - -1 (Unlaxial) -35 - 35

013 " I (Vertical Dip Slip) ='D i 0 T•

111 --1 -12 c33 + 2 -2 0
icylindrical)
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112 1lBar.

Strike Slip Equivalent

"0eximum Amplitudes: .

Body * .0023

Rayleigh.- .02.1F-

Love . .059I

BODY WAVE

...... .......

RAYLEIGH~ WAVE LOVE WAVE

Figure 3.4. Radiation patterns for body and suvrface waves for a a
uniform prestress field. Shaded areas indicate ;olar1~y
opposite tothe explosion in this and fallowing figures.
Amplitudes are relative to the Mueller.4krphy explosion

S source. Love and Rayleigh wave amplitudes are r-ormalized
to the explosion Rayleigh wave. Body waves are calculated
at one hertz and haie a 28 degree takeoff, angle. Surface
wave a.molit.udes are comiuted at 20 second$.
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033. ,~ 0l~ -1 (Bar)

45c' Thrust Eq~uivalent

Maximum Amplitudes-

Body = .0067

Rayleigh - .031

Love .029

BODY WAVE

LK

JRAYLEIGH HAVE LOVE WAVE{ Figuire 3.5. Radiation patterns for a33 al- uniform prestress field.
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Uniaxial Compression

Maximuim Amplitudes: -

Body = .0030 *~*

Rayleigh .024 *...

Love .029*. .

z

BODY WAVE

L

RAYLEiGH WAVE LOVE WAVE

Figure 3.6. Radiation patterns for uniaxial (a, compression.
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13*1 Bar

Vertical Dip Slip Equivalent

Maxi~mum Amplitudes

Body =.0094

Rayleigh - .0012

Love . .0010

BODY WAVE

-I>->

.............
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are observed near a node in the radiation pattern). The Rayleigh

waves will be equal to the explosion Rayleigh waves with a prestress

of 42 bars. Thus, Rayleigh waves will be phase reversed when the

prestress exceeds a2 bars. Love waves will have more than twice the

amplitude of the Rayleigh waves. Body waves, on the other hand,

will equal the explosion body waves with a much higher prestress of

440 bars.

Figure 3.5 shows the body and surface wave radiation patterns

for a stress fleld of all . - 1, "33 " 1. This is equivalent to

a 45 degree thrust fault (radiation pattern). This stress

orientation is somewhat more efficient at generating body v'aves. It

still requires a stress of 150 bars, however, to equal the explosion

body wave. The explosion body waves are amplified at all azimutns.

The tectonic Rayleigh waves are very large for this orientation,

requiring a stress field of only 32 bars to equal the explosion

Rayleigh wave. The Rayleigh waves are reversed at all azimuths for

this stress field. Love waves, again, have a four-lobed pattern and

have about the same amplitude ds the Rayleigh waves.

Figure 3.6 shows the radiation pattern for uniaxial

compression (all - -1). This is similar to the 45 degree thrust

orientation except for the lack of the vertical tensile component.

The equivalent source is a 45 degree thrust plus an isotropic

compression. This stress field causes a reduction in the body waves

and a reduction (or reversal) of the Rayleigh waves at all

azimuths. Again, the change in body waves is fairly s.mall,

0 requiring 325 bars to equal the euplosion. Rayleigh wave reve'sals

require a prestress about 40 bars and Love waves are about the same

amplitude as Rayleigh waves. It would be difficult to distinguish

these two cases observationally.

Figure 3.7 shows the radiation patterns for a 013 stress

field. This is equivalent to a vertical dip slip double couple.

This orientation generates very small Love and Rayleigh waves with

different frequency content than the other stress orientations. It

is, however, a fairly good generator of body waves, requiring about

26
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g
100 bars to equal the explosion P wave. The body waves have two
lobes causing amplification in half the directions and reduction in

the rest. This type of stress field can have an unpredictable

effect on mb-Ms ratios. Depending on the direction of the

observation points, it could cause either an increase or a decrease
in mb without affecting Ms. The body wave generation of the dip

slip and 45 degree thrust prestress orientations is a fairly strong

function of takeoff angle varying as sin 29 for the vertical dip

slip and cos 2o for the 45 degree thrust. The amplitudes become

equal at • . 22.5 degrees.

Because of the boundary condition of vanishing shear and
normal tractions at the free surface, uniform a13 and a33 stress

fields cannot exist; so the examples for "vertical dip slip" and "45

degree thrust" orientations are not physically possible. These may
exist, however, as the lowest order terms of an inhomogeneous stress
field. The radiation from tectonic release will then look like the

radiation from one of these "forbidden' homogeneous prestress fields

at sufficiently long periods. Also, an apparent a33 stress field

appears when the isotropic component is subtracted out from a

uniaxial or cylindrically symmetric stress field.

jC 3.2 INHOMOGENEOUS STRESS FIELDS

We next want to demonstrate the effects of stress concentra-

tions on body and surface wave radation patterns. The results are
summarized in Table 3.4. The body wave radiation patterns are for a
frequency of one hertz and are for far field infinite spa-e (no

reflections) P-Waves. The surface wave 'adiation patterns are for

20 second Love and Rayleigh waves.

As our first example of a stress concentration, we use a

fairly simple source - a center of compression located one radius

from the surface of the explosion shatter zone (Figure 3.8). The

effect of this stress concentration is to cause a highly stressed
region on a small part of the cavity surface. For the example

chosen, the stress field is eight times larger at the surface of the
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TABLE 3.4

BODY AND SURFACE WAVE AMPLITUDES

FOR INHOMOGENEOUS STRESS FIELDS

Angle - Stress P Rayleigh Love
Concentration to Down Polarity

1 11
Center of Compression .

3(150°, 30'] none30*

none all

1 1
104 76 4

(190', 350'] (60', I20')
45'

+ (80', 100') (-60', 60')

1I 11

(220', 3203 (45', 13s']
C 60*

+ 0', 180I ] -45%, 45"3

1 11
163' -TT -i

- none (30', 150')

+ a^1 (-30', 30']

Vertical Dip Slip I 1
Dislocation T w

all [40%, 140')
450

+ none (-40', 40')
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cavity in the direction of the stress concentration than at the

center. The stress field falls off with the cube of the distance

from the center of compression. All of the examples are normalized

to a stress of 1 bar at the cavity center.

The radiation patterns are quite sensitive to the location of

the stress concentration; so we show a sequence of figures with

radiation patterns from stress concentrations at different depths.

Again, the shaded areas indicate reversal with respect to the

explosion polarity. For body waves, as mentioned before, this is

only approximate since both the phase and amplitude of the waves

vary with angle. If the stress concentration is directly under the

explcs1.in, then the radiation is azimuthally symmetric. The body

waves are all decreased in amplitude, the Rayleigh waves are

C increased in anmlitude, and no Love waves are generated.

Figure 3.9 shows the body and surface wave radiation patterns

for a stress concentration located 30 degrees from down (at an

azimuth of minus 90 degrees on the figure). The tectonic body waves

are reversed in polarity relative to the explosion at almost all

azimuths, but the amplitude is much greater in the ditection of the

stress concentration than in other directions. The effect of this

stress field when added to the explosion is to selectively reduce

the body waves in this direction. It is also a good generator of

body waves relative to surface waves. Ninety bars (at the center,

720 maximum) is required to cancel the explosion body wave although

small phase differences forbid exact cancellation. Rayleigh waves

would be amplified at all azimuths by this stress field. It is a

better generator of Rayleigh waves than of Love waves.

Figure 3.10 shows the radiation patterns for a stress

concentration 45 degrees from down. Again, the body waves are

C substantially reduced in the direction of the stress concentration.

The Rayleigh waves are amplified in most directions; however, for a

narrow range of azimuths in the direction of the stress

concentration (and in the opposite direction), the Rayleigh waves

are reversed. This stress field also generates large amplitude Love

waves.
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Stress Concentration at 30'

Body * .011

Rayleigh. .015

Love * .010

. ... .

BODY WAVE

..........................
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Stress Concentration at 45'

Maximum~ Amplitudes

Body .010

Rayleigh * .013

Love .022.

BODY WAVE

%. ........ .... .

RAYLEIGH WAVE LOVE WAVE

Figure 3.10. Radiation Patterns from~ a stress concentration at 45'.
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Figure 3.11 shows the ridiation pattern for a stress

concentration located 60 degrees from down. This configuration

still causes a body wave reduction in the direction of the stress

concentration. It is less efficient than the previous examples,

however, and directions away from the stress concentration see an

ampirfication of the body waves. There is a large region in which

Rayleigh waves are reversed. At some azimuths, they are amplified.

Figure 3.12 shows the radiation patterns for a stress

concentration at 90 degrees at the same depth as the center of the

cavity. Now body waves are amplified at all azimuths. Rayleigh

waves are reversed at all but a narrow range of azimuths. This

stress field is a relatively efficient generator of Love and

Rdyleigh waves.

Figure 3.13 shows synthetic seismograms at three ooservation

points - azimuths of minus 90, 0, and 90 degrees with a center of

compression at an azimuth of minus 90 degrees and 45 degrees from

down (radiation pattern of Figure 3.10). At minus go degrees, the

tectonic body wave has almost the same shape as the explosion and

will therefore tend to reduce the body wave. At 90 degrees, the

wave is amplified. At 0 degrees, the waveform is more complex and

does not clearly increase or decrease the explosion body wave.
C As a second example of a stress concentration, we use a point

static dislocation located two radii from the cavity center. The

dislocation is located at an azimuth of minus 90 degrees as with t..

center of compression examples. It has i vertical dip slip

C orientation and is located 45 degrees from down. The explosion then

is in a compressive quadrant of the double couple radiation

pattern. Again, the stress field falls off with the cube of the

distance. The radiation patterns for this source are shown in

Figure 3.14. The radiation resembles that of the center of

compression. It is slightly more efficient at generating surface

waves and slightly less efficient at generating body waves than the

center of compression. The dislocation at 45 degrees has radiation

patterns and amplitudes much like the center of compression at 60

degrees.

33

SYSTErZ. SCIC1cE AND SOFTWARS



Stre-ss Concentration at 60 .
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.. .. .. .

Stress Concentration a 0

Kaximum Amplitudes L j-
Body .0060 ~---
P~ayleigt * .027 .

Love .037

BODY WAVE

1~1 . z__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

RAYLEIGH4 WAVE LOVE WAVE

6Figure 12. Radiation patternis from a stress concentration at 90%
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TIME! (see)

TIME (sec)

O.N All

SV-

2 3 2 i i a .i '1 . 2 • . : .25 1 s i

TIME (sec)

Synthetic Body Waves From Center of Compression at 45"

9 ~Figure 3.13. Synthetic body wave seismograms at different azimuths. The
stress concentration is located 45'f.- down at 0 - - 906.
Th wave forms change in shape with azim.uth and reduce the
body wave in, the direc*tion of the stress concentration.
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* ~Vertical Dip Slip -

Dislocation at 450
Body ,.006 -

Rayleigh -. O-0

Love - .037 ....

BOCY WAVE

I . .. . .. . .- ....

RAYLEIGH WAVE LOVE WAVE

Figure 3.14. Radiation patterns from a vertical dip slip static
dislocation at 450.
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In the preceding example, notice that t'e stress field was
caused by a vertical dip slip dislocation, buz the radiation

generated by tectonic release in this stress field is very different

from that found previously for a "vertical dip slip" homogeneous

prestress field. It is, in fact, very efficient at generating

* surface waves and ha:; much the same effect as the stress field of

the point center of compresshifi.

It is cl.ar from thesa examples that the relhtive effects ofItress concentrations on body and surface waves is highly dependent

on the location of the stress concentration. The body waves c&n

have complex radiation patterns - patterns which could not occur
wixh a simple double couple source. it is approximately true that
the generation of booy waves is a function of the distance from the

stress concentration :o the surface of the cavity (shatter zone)

while the generation of surface waves is a furction of the the

distance feom the stress concentration to the center of the cavity.

The effect on body waves will therefore be stronger compared to the

effect on surface wave, if the stress concentration is moved closer

to the explosion. This is especially true for large explosions. As

pointed out in the last section, the higher order multipoles add in

seismic energy at and above the corner frequency. If the corner

frequency is much higher than the observation frequency, these

effects will not be coserved. At frequencies higher than the corner

frequency, these effects will be very important. The effect on

surface waves will usually be indistinguishable from a quadrupole

plus isotropic source. Body waves will generally be increased in

Sdirections corresponding to tensile stresses on the sohere and

decreased in directions of compressive stress on the sphere. The

stresses necessary are higher than the stresses for uniform stress

fields for oody waves of the same amplitude. For example, with a
C center of compression at 45 degrees from down, it requires a maxitmum

stress of 800 bars to equal the explosion body wave compare' to 200

bars for a "45 degree thrust" stress orientation. This region of

high stress is quite small, hewever, and decreases by a factor of 27

0 across the cavity.
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IV. A TECTONIC SOURCE MO4EL FOR PILEDRIVER

The explosion PILEDRIVER emitted highly anisotropic surface

waves and body waves. Toksoz and Kenrer (1972) were able to match

the Rayleigh wave radiation patterns with the superposition of a

* strike-slip double couple. In their mooel, the amplitude of the

Rayleig.n waves created by the double couple exceeded those of the

explosion by a factor of 3.2. This number can be reduced by using a

different orientation of the double couple such as a 45 degree

thrust orientation, but it is still a very large effect. The

observed Rayleigh wave polarity was reversed at azimuths to the
Northeast.

Hadley and Hart (1979) compared the body waves from PILEDRIVER

Swith the body waves from ;ne explosion JORUM and found a substantial

variation in the amplitude of the body waves with station aziluth.

In particular, the body waves in the Ncrtheastery directions were

reduced by as much as a factor of six. Table 4.1 shows the body

wave amplitude data for JORUM and PILDERI'vER and the ratio of the

amplitudes scaled with the cube root of the yields. The data is

from two Sierra Geophysics reports (Hadley, 1979, and Hadiey and

Hart, 1979).

The fact that the Raylitigh wave reversals are in the same

direction as the body wave anomaly suggests that they both have the

same cause. the purpose of this analysis is to assume that the

anomalies are due to tectonic release and to see what magnitudes aid

orientations of stress fields are necessary to match the

observations. The solution is not unique, but there are some strong

constraints on the problem. Since the body wave variation is large,

the prestress field cannot be too efficient at creating surface

waves relative to body waves. A Istrike-slip" (a, 2 ) prestress,

for example, would generate very large surface waves without

substantially affecting the body waves. A second constraint is that

the Rayleigh waves are reversed and the body waves are reduced in

the same direction. This means that the prestress must be
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TABLE 4.1

BODY WAVE AMPLITUDES FOR EXPLOSIONS PILEDRIVER AND JORIJ

Station Distance Azimuth J-Amp P-Amp Scaled PILEDRIVER

(degrees) (degrees) (mu) (mu) JORUH

SCP 30.0 71.2 823 69 .214
OG 32.4 70.0 745 46 .158
COL 33.2 336.1 1074 343 .816

SWES 34.7 67.0 468 34 .186

KIP 39.9 258.7 1097 548 1.28
KTG 56.8 23.7 594 91 .391

AKU 59.9 28.3 365 91 .637

N•A 61.6 134.8 422 171 1.04

ARE 58.2 133.1 1268 446 .898

STOL 81.3 46.0 685 91 .339

STu 81.7 32.9 251 69 .702
SHK 83.9 309.1 868 114 .335.

I RAT 86.1 99.8 548 183 .853

1:
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compressive over a large part of the focal sphere in the

Northeasterly direction. A "45 degree thrust" stress field, for

example, causes a reduction in the surface waves but an

amplification of the body waves. In fact, the only "fault-like"

uniform stress field which could satisfy these conditions is a

*strike-slip* stress field oriented approximately North-South with a

compressive lobe to the Northeast and then rotated down to the

Northeast so that there is a larger effect on tne body waves.

There is no reason to restrict ourselves to uniform stress

fields. In fact, the stress field almost certainly increases with

depth. The major observational restriction is that the stress field

be large and compressive to the Northeast. We will therefore try to

match the body and surface waves with a stress concentration in the

lower Northeast quadrant. From the figures 3.9 to 3.14 the location

of the compressional stress concentration can be determined. If the

stress concentration is located too low (0-45 degrees from down)

then there is a large effect on the body waves, but an actual

amplification of the surface waves and no significant Rayleigh wave

reversal. If the stress concentration is at the same depth as the

center of tne cavity (90 degrees from down), then the Rayleigh waves

can be reversed, but there is no reduction in the body waves. At 60

degrees, nowever, the effect is right. The negative Rayleigh wave

lobe is large enough to cause a reversal when superimposed on the

explosion source. Body waves are reduci.d preferentially in the

Northeasterly direction. The best linear combination with the

Meiler-Mhrphv explosion source is a center of compressiot: at 60
degrees from down at an azimuth of 35 degrees from North with a 200

bar stress field at the cavity center. This leads to a maximum

prestress of 1.6 kilobars on the *cavity' surface.

The radiation patterns for this source are shown in Figure

4.1. The Rayleigh wave radiation pattern agrees very well with the

data given by Toks3z and Kehrer (1972, p.150), In fact, the match

is better than their fit with a superimposed strike-slip double

couple.
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Composite PILEDRIVER
Source-Explosion

Plus Stress Concentration t
at 600 fromi down 1 ~ -S

BODY WAVE

. .... ...

qAYLEIGHI WAVE LOVE WAVE

Figure 4.1. Radiation Patterns for composite PILEDRIVER source. Marks
an body wave figure are PILEDRIVER observations divided by
JORUNM observations.
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Rivers and Von Seggern (1981) did a moment tensor inversion

for the PILEDRIVER source using Rayleigh waves and Love waves

without restrictIng the "double couple* direction to be

strike-slip. The Love wave radiation patterns for the resulting

source are very similar to the Love wave patterns In Figure 4.1.

The body waves shown are for a frequency of I Hertz and a

takeoff angle of 28 degrees. The data points shown are the

anplitudes .f PILEDRIVER divided by the amplitudes of JORI,4 at the

stations listed in Table 4.1. The takeoff angles actually vary

between 15 degrees and 30 degrees; so the stations farther away

should have a more uniform radiation pattern than is shown on the

figure. Agreement is quite good. The one bad datum is the low

reading at station SHK (at azimuth of 310 degrees).

Figure 4.2 shows synthetic seismograms from the composite

source along with their relative amplitudes. The conditions are the

same as for the synthetics in the last section except that we used a

value for t* of 1.05. This valLe was obtained by aache, at al.
(1975) for the path from NTS to Alask.. The observed amplitudes are

close to the syntnetics. The Northeasterly waveforis are mnre

comlex cue to interference of the explosion and tectonic body
waves. The synthetic amplitude at OG is too large indicating more

complete destructive Interference than is in our model.

Other types of stress concentrations to the Northeast give

similar results. From the calculations in the jast section, a

vertical dip slip dislocation located 45 degrees from down has
C almost the same effect as the center of compression at 60 degrees.

Again, with this source we can approximately match the surface and

body waves. The maximum stress on the surface is about 1.5 kilobars.

As mentioned before, the ntaximum prestress on the cavity

surface from point stress concentration is about 1500 bars. In

fact, the stress field does not need to be this large. A somewhat

more extended stress field can alsc cause the observed effects.

Figure 4.3 shows the radiation patterns with a stress concentration

at 45 de-grees from down (maximum stress on cavity 800 bars) at an
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Station Amplitude

KTG Syn. .36

Obs. .31

Time (sec)

STU Syn. .45 Jf
Obs. .55

Tire (sec)

OGO Syn. .32 • ^
Obs. .13 IJ

Time (sec)

ARE Syn. .73
Obs. .70

Time (sec)

KIP Syn. 1.0

Obs. 1.0

Time (sec)

Synthetic Body Wave Seismograms

9 Figure 4.2. Body wave synthetic seismograms made using PILEDRIVER
composite source. The complexity of the source causes a
variation in waveform shape with takeoff angle and azimuth.
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Composite PILEDRIVER.

Source...........

Explosion Plus 100 BW ,------..z.

Unlaxial Stress Plus .. ~ .'

Stress concenvti Aln.

at 45
0  

'

BODY WAVE

...... ....

........ .....

............. ..........

RAYLEIGH WAVE LOVE WAVE

SFigure 4.3. Radiation patterns from second PILEDRIVER composite source.
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azimuth of 40 degrees and a uniaxial prestress of 100 bars along the

0) same azimuth. Again, the agreement is good, but the maximum stress

field is only about 850 bars.

The crucial condition in this analysis is that the lower

Northeast quadrant be under substantial compressive prestress. The

I) surface waves are very insensitive to the type of prestress and are

really only affected by the monopole and quadrupole components. The

body waves are more sensitive to details of the stress field. From

these examples it is obvious thaZ we cannot determine the exact

9 magnitude of the stress field. To within about a factor of two,

however, the maximum stress should be approximately a k
4lobar.

Furthermore, the stress needs to be high only locally and at some

depth.

*) In this section we nave demonstrated that the general features

of the explosion PILEDRIVER - the Rayleigh wave reversals, large

amplitude Love waves, and asymmetric body wave radiation pattern -

can be explained if there is a compressive stress concentration of

at least a kilobar to the Northeast of the explosion. We have not

attempted to make a detailed model of the stress field or to explain

small details of the seismograms. In principle, it should be
possible to perform an inverse calculation to determine the

oultipole coefficients and the initial prestress field. This

inversion could be done using body waves and surface waves

simultaneously. The problem is, of course, under-determined since

we have only limited coverage of the focal sphere, but would provide

a method to describe the class of models which fit the data in a
single calculation as opposed to using a trial *and error method of

forward modeling.

p(
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V. CONCLUSIONS AND RECOMMENDATIONS

I
Rayleigh wave reversals may be obtained if an explosion occurs

in a medium with a prestress greater than about 50 bars, with the

exact amount depending on the orientation of the stress field,

assuming that th. effective shatter zone radius is approximately

equal to the elastic radius. The size of the effective radius is

critical since the long period surface wave a'iplitude is propor-

tional to the cube of the -adius. The best way to determine the

effective radius is by performing nonlinear calculations of

explosions in prestressed media and comparing it with the linear

result (Day, et al., 1981).

An important fact in light of recent observations Is ti,,t the

linear model used here does not produce time delays. Any tine

delays must result from tectonic release over an extended period of

time. The only way to determine if time delays arc present and the

extent of these delays without making ad hoc assumptions is by
performing full nonlinear calculations of explosions with tectonic

release using realistic material models.

Surface waves are very insensitive to stress heterogeneity.

Only the average stress field is important for long period Rayleigh

wave excitation although the orientation of the average stress field

s very important.

Explosions near stress concentrations may have significantly

altered body waves. These effects can be strong in some case, and,

in general, will be highly directional. Local stresses of about a

kilobar are required to influence the body waves; however, these

stresses nee.d be this large only locally and ar depths below the

explosion. The average stress may be ouch lower than the local

stress fields.

We have ised the model for tectonic release to model the

explosion PILEDRIVER. If the body and surface wave anomalies are

due to tectonic release, then the observations require that the

average stress field must be compressive ir the northeast-southwest
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d rection. The booy wave anomaly &id surfdce wave anomaly can be
explained simultaneously by a stress concentration below and to the
northeast of the explosion.

Tectonic release canses problens for discrimination and yield
estimation by causing variations Jn surface and body wave amplitudes
at different locations. The most important step In remioving these
problems is to have as wide a coverage of stations as oossible.
Mompuit tensor inversion is a good way to renove the effects of
ýectonic release; however, a cylinarically symmetric stress fieldcanr.ot be removed this way using surface waves alone.
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* APPENDIX I

SOLUTION FOR THE CREATION OF A SPHERICAL

CAVITY IN A PRESTRESSEO MEDIUM

0
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APPENDIX 1

SOLUTION FOR TI4E CREATION OF A SPHERICAL

CAVITY IN A PRESTRESSED MEDIUM

* An integral equation for the displacement field caused by

tractions T (u).R applieo to the inside of a cavity of any shape can

be written (in the frequency domain) as:

( u(x, ). fu.T ().GdA f .T (u) •u dA (1)

where G (x, .u)ls any frequency domain elastic Green's tensor,

and Z is the cavity surface. If the cavity is created suddenly in a

prestressed medium, the apparent tractions are

T (u) - T (u*)

where T (u*) is the initial prestress.

For a spherical cavity equation (1) is separable. We define
the complete set of vector spherical harmonics (after Ben-4enahen

and Singh, 1968):

P M Yz (0 1

C r

h-L " ;6 YYZ" (0 2
1(~ ) Cz . 03 nei- e 3-i

Yzm (a, 0) - P4m (cosa) elm
1

53

$SrTrM& SCJCN(CCAN SCO •TlWARC



Then if we expand the Green's tensor and its derivatives, the

displacement and the prestress in terms of these functions, the

orthogonal ity relations:

j , ff!tm aim dfl f Z -*e~m, A ~~m * dzM

and (3)

P . d .f - J B df. C c dS. n

n 41 L+÷ m).'

z2m 7Zi * 3.

used at the cavity surface (( = X ) reduce equation (1) to a set

of algebraic equations. Oetalls of the solution may be found in

Stevens (1g80). Given the tractions in the form:

I P ,) ÷+ D !z (z+ 1) B (., 0)
X-o M.-I L ~ 0

+m / ieL~) c (e, l) (4)
4m

the displacement may be expressed in terms of the elastic

eigenvectors:

u (x, W) , z Qzm (.) - (hx. 0) + Stm(¢) .N (X,")
"--o r.i - -

The coefficients az2 . 37,m, YEM determine the displacement

field at any point outside the cavity. The vector elgenfunctions
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S tm' ;m' Lzm represent toroidal, spheroidal shear, and
spheroidal cooressional waves respectively. They are defined by:

M;. f (y) L( z + Cz (, 6)

f•(Y)
N Z( z +).:-- P (0, 0)

f't (Y)

(fi (Y) + ) ' 1) Byl(e, 0) (6)

L f' (x) PLM(, 0) ÷-x+--

where x . K r, y - Ksr, and f. h(2), the spherical Hankel
function of the second kind.
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APPENDIX 2

VECTOR MULTIPOLE COEFFICIENTS FOR PRESTRESS FIELDS

(;
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i

APPENDIX 2

VECTOR HULTIPOLE COEFFICENTS FOR PRESTRESS FIELDS

"* In order to use the preceeding solution it is necessary to

nave the initial stress field expanded in vector spherical harmonics:

-z

T (u-) Bi 1Z P D X 2~D 1L ± 1 v

+ D 3 1 m-(1)

* The coefficients D1, D , DL may always be found by using

the orthogonality relations of the vector harmonics, but in some

cases they may be found analytically. A uniform stress field

(al constant) may be written in the form:

i2

r (u-) A P 2oo + E A V ) (2)
*00 A2m 2m T + m

with

00-= - (a11  02 2 + 033 )

and defining the deviatoric stress tensor

j - i A00

The remaining coefficients are:

A 22 72- (all 122) ffT "12
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""A21 , " 13 + -' 123 (3)

A20 - -033

The coefficients in equation (1) are then

1;0o- Aoo

02. . AN(4)

2 102m - ~

4 All other coefficients vanish.

The negative m values may always be determined from the
positive m values by using the fact that the field is real. This
requires that:

Si ~~~~~(• )'O-L"(lm(.- m): Zm()

I~c ( �i�s the complex conjugate of oD)

Two other prestress fields which may be expanded analytically
are a point center of compression or a point dislocation located

C along the Z axis (see Figure A2-1).

The stress field for the center of compression may be easily
found by using the fact that the (static) displacement field can be

*D written

c 1r c 1r . r• (6)
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Then expanding F by:

L.0 T PLt(Cosa) <(7

we find

u RI P((Cosa) 8)
- .0

The tractions due to any displacement field of the form:

"" (r, a, F) , I+ m(r) PIM + f+M (r) 8 + f3 (9)

are given by

E,• " ;}r + "-fz- -'Z

Im ar rr
C af1lm1

+ Zi".'T'- P.• (0, 0) (10)

+ 2?. + -.-- B.U ) (, )
\;ar r r

C
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So we find

(u') ~ ;r) -u - z )P
"0 (1 - 1) l +i .g-z ) 111)

so the coefficients become

1 . 27L L)c(

2 2.c /R RL-2
°•.o . L -I- ý '- ) U -1) (12)

L

fort > 2. All other coefficients vanish.

The stress field for a point dislocation is more complicated.

The displacement field due to the dislocation is given by the

Volterra relation:.

u (x) (x) T (G (x, xo)) n dAo (13)

Here G is the static elastic Green's tensor. For a ooint

dislocation, this becomes:

u (x)* . T(G).• (14):2
where S is the slip vector S . auA and a is the normal to the

surface. We define the vector S to be a unit vector in the

direction of slip. Then, using the analytic form for the Green's

)-
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tensor (Ben-Menahem and Singh, 1968) and applying the stress

operator to equation (14), the stress field can be written:

T(N;M)• .;r .T (F_) L(2 z- 1)

+ T" -(F-"I) • r •T ( )• ( + 1)(2z• 3)

where the external eigerivectors are:

Z-2

;.~~~ an rhe zne~ el vetr rr

r + P .

r r2-L~ z)(j

• --

C 17

ef1



If the dislocation is located on the Z axis, then the

calculation simplifies greatly as ail terms with m > 2 vanish W$
need to evaluate the functions

T (M_), T (F- ),, T (;:)•,at e .0, 6 .0, r . L

After some algeora and tsing simplifying relations from Ben-4enahem

ano Singh, 1968, ; 431), we find that the stresses associated with
a vec.•or of tne form

"a .fe P•e f 1zz( + 1) _M + f3  /Tz + 1) C• (18)

can be written

S1
T (u)

d "2
2 r fl + Z(Z 1) r SoC

]~3 1 ~i2)'

Ie r - r T r2.

1.- (Zo ): z
;r ?Q r d f2• " r -+' . 61m

C r I f fz f3

For the static eigenvectors of interest, the functions ;i are:
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2Y -

- rt +2) 
- Z (+fe"1) 2) (20)

r f3  + 1) (20

We now define tke coeffilcents AM. AF, AN to be the complex
Conjugate of the right hand side of equation (14) double dotted with
n and s, evaluated using the functions f1, f2 and f3 for the
vectors Zm' tic, and 4m respectively and divided by the
Green's tensor factors L(± + 1), 1(2 Z- 1), (1 + 1)(2i + 3)
respectively. The tractions on the surface of the cavity are then:

- 2T •(u) ° r. . -r " E E AM T (M+) ° e

AF (N) ;er (21)

A N T (F÷) er

Finally, computing all quantities explicitly, we get:

4 1 I . AN +l 1) ( 2 - ) ( 2 L + 3 )
0 zL •÷-N(1  )j;* A ••z) -

4v D AN 2 -+ (22)

-+ AF 2u (1•-) R'-2
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a CONVERSION FROM VECTOR IJLTIPOLE COEFFICIENTS
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APPENDIX 3

CONVERSION FROM VECTOR MULTIPOLE COEFFICIENTS

TO SCALAR MJLTIPOLE COEFFICIENTS

in order to make synthetic seismograms in layered media, it is
necessary to transform from vector spherical harmonics to vector
cylindrical harmonics. The easiest way to do this is to first form
the cartesian scalar potentials in sphe-ical coordinates and then

transform these to cylindrical coordinates.

The iector solutions are written:

u (x, W() M (K r) + sm (') Nm (Klr)"- - i&-c rn-i

+ Ym (w) Lm (K r) (1)

The scalar potentials are written:

I )(1 (7 X U)1  1 .,2, 3 (2)

4
X4-7• u

C

These are all harmonic functions and can be expanded in the form:

X A z A ' .• (3)

where -i - h(
2
ý (Kir) P (cose) eimo
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Using the definitions:

N =V ^rel (4)

N 7

I The problem is to determine the scalar coefficients A in

terms of the vector coefficients .. s;•.
1  

ytm" This is

easily done for X
4

X.7.u= .U -7*V '?a1 k.

* Comparing with equation (3), the coefficient is:

A4  . - k i ()

Lm -,z.

Computation of Xifor i 1. 3 is more difficult.

17xu.1F zm7xMz R7 xN (6)

Ir- -9. (m S'm

where the fact the 7. M . 0 has been used. Xi then are the

cartesian components of equatioai (6). M•orse and Feshbach (1953)

give the cartesian components of the vectors -?m' , I and St which

can be used to reduce Equation 6 to scalar eigenfunctlons:
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c) + m w .r ) ymfl1 +. j YJ~4 1#
_____ (ZmT

r
1 ý ~i y m+1yn4i (7)

-im ~

Using M" h(2) .1f:V, Cfr and ecraparing with equation (3), we find:
A1 i ik a

C. zm = 
82m4i -- (z +. mn + 1) z - M) + azm.1

B 
2  

-k kA m m+ m +~Z.~1(m 'aPi-T (8)

A 3

Similiarly,

L where:

p ~ ~ 1 in L+m- I -i

(z -(tm + 1)(I - m 2) 1 + y, " 1
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+ . •1_

I JJ

+ z(z-m+i)(i - m+2) 1-

YýI-T-

+ 1 i + 1)(i +. m)(-. +. m - . I

+.(2.+11 r•I

.+ I(Z-m +1)(I-m4+2) i Y +.

+ ZI (11)+

gAll of the cross te z+s h Y 1 etc. cancel out as they'

must, leaving:

ACm s 3+1m+l (Z + z +211+

-+I, rn-I i

+
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k ( 2 + 3.-l~m 2 (12

12'

km 8 ri~ (I + 2i1m

Equations (8) apd (12) must be added for the complete multipole
coefficients, that Is:

4.. 1, 2. 3 (13)

This completes the trarnsformati,'ns. However, it is sometimes
convenient to have the coefficients axoressed in the form:

z

x I O (cas) h(
2
)'r) Cos=

R. (• osa) (r) snm (14)

Using the relation

p "-(cos. ) ( l)- n p) P (coSO ) (15)

We get:
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Minster (1976) gives the transformations for rotations of the
multipole coefficients. The coefficients derived for stress
concentrations along the z axis can be rotated to any other

location.

The displacements may be recovered from the potentials using

the relation:

u (X, -) 1 4 + 2• 7 x X

7K - K, -
CL

Far field P waves have the simple form:

W1 r
up . -e- it E (A~ 4~ cosmo + (B4 sinmo) P (coso)

K~r P m

* II The scalar coefficients of euation (16) are now in the form

used by Bache and Karkrider (1976) for computation of synthetic body
wave seismograms and by Harkrider and Archamoeau (1981) for

computation of synthetic surface wave se-smograms. These methods
are used for all of the examples in this report.
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APPENDIX 4

SCALING RELATIONS FOR MULTIPOLE COEFFICIVitTS
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APPENDIX 4

SCALING RELATIONS FOR MULTIPOLE COEFFICIENTS

The displacement field for tectonic release from a cavity of

radius R can be written

u (w, r;R) . R" 1 Ar,, (R) fz (wR) g9 (or)

where A rn depends on the direction of observation and the type of
prestress field, fz is a function of cavity radius and 9 is a
propagation term. If ve change the cavity radius to R' leaving
elastic constants the same, then

u (w, r; R') - (R') 2  
F An (R') f (.R') g

If we look at the zisplacement at frequency . -R then

(&, r, R') - (RI)2 A m (R') (wR) g (o rR

For the case of constant prestress fields Am (R-) . Atm(R)

and we have the simple relation

WU (.. r;R') I. /R-) u (.. R

In the far field g2 is proportional to 1I/r. Using

1 R.

;-r - Wr-
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"we get

u (&, r;R') R u ((, r; R)

"so the displacement varies as the cube of the radius at a frequency

which vari;s inversely with radius.

Similarly. for the inhomogeneous stress fields considered, the

coefficients have the form

L

If 've vary the stress field so that R constant, then

u(w', r;R') L ( )•.) u (., r, R) . U r; R)

If, however, we use the maximum stress (or average stress) as a

parameter, the scaling for homogeneous and inhoegeneous stress
fields becomes the same.

$ For homogeneous stress fields the displacement is proportional

to the prestress. For the stress concentrations, the stress field
is proportional to IIL3 . If RIL is constant, then the stress

field at all points on the surface scales as L 3 . So, using the
$ stress (at any point) a as a parameter, the scaling relation for all

of the stress fields becomes

u (RI r;R') R) u (w, r;R)

"aR
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At low frequencies the spectrum is approximately flat so the

displacement (and the generation ot surface waves) are proportional

to oR
3 . At high frequencies the spectrum is proportional to w-2

so the aisplacements scale with oR.

p
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